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ABSTRACT 

The determination of rad ia t ive  temperature changes f o r  
molecular gases under non LTE conditions i s  discussed, w i t h  
spec ia l  emphasis on the microscopic formulation of the t rans-  
f e r  equation, The rad ia t ive  t r ans fe r  and s t a t i s t i c a l  equ i l i -  
brium eqp;lons are combined t o  y i e ld  an e x p l i c i t  expression 
f o r  the rad ia t ive  temperature change. This method is  applied 
t o  the 15 )n and 4.3phC02 t r ans i t i ons .  /L” 

Mesosphere and lower thermosphere heating and cooling 
rates are calculated f o r  the 15 
H20 bands and the spec t r a l  region from 1350 t o  7550 8, repre- 
senting absorption of s o l a r  energy by 0 and 02.  Maximum 
heating i s  found a t  the stratopause (5 deg per  day) and meso- 
pause (18 deg per  day) over the summer pole while rad ia t ive  
cooling predoininates I n  similar regions (-7 and -10 t o  -25 deg. 
pe r  day respect ively)  over the winter pole. I n  the lower thenno- 
sphere, the  rad ia t ive  kemperature change i s  s t rongly dependent 
on the c o l l i s i o n a l  re laxat ion time. 

C02,  9 . 6 ~ ~ 0 ~ ’  and the 80,q~” A 

3 

The importance of the 4.3 w t r ans i t i on  t o  rad ia t ive  heating f l  
is  demonstrated. Heating from t h i s  band i s  at l e a s t  1 deg per  day 
i n  the v i c i n i t y  of 70 km; however, a resonance exchange of the 
f3 mode of C 0 2  w i t h  N2 may occur which could lead t o  a heating 
a t  least three times l a rge r  than the non resonant heating. These 
calculat ions ind ica te  the fmporkance of c o l l i s i o n a l  and rad ia t ive  
rates t o  upper mesosphere and lower themnosphere rad ia t ive  heating 
and cooling, 

V 



1. Introduction 

Within the last f e w  years,  our understanding of the radia- 
t i o n a l  contr ibut ion t o  the thermal s t ruc ture  of the mesosphere 
has increased appreciably. Some of the techniques applicable 
t o  a radiat ion study of the lower atmosphere apply t o  t h i s  region 
also,  although new problems,which w e  shall discuss  below, cause 
the problem t o  be more formidable. 

I n  the lower atmosbhere we r e l y  on the macroscopic parameters 
such as temperature t o  describe the system, while f o r  the upper 
atmosphere we must inquire  i n t o  the molecular nature of the gas. 
The approach used by as t rophys ic i s t s  t o  rad ia t ion  t ransfer  by 
atomic t r ans i t i ons ,  which we w i l l  show can be used f o r  vibrat ional-  
ro t a t iona l  t rans i t ions ,  involves the s t a t i s t i c a l  equilibrium 
equation as w e l l  as the rad ia t ive  t r ans fe r  equation. These t%to 
equations a re  coupled by the radiat ion f ie ld ,  and a solut ion t o  
the rad ia t ive  problem requires a knowledge of the  molecular 
parameters such as rad ia t ive  and co l l i s iona l  t r a n s i t i o n  ra tes .  
A b e t t e r  understanding of these parameters i s  required befrjre 
the upper mesosphere and lower thermosphere radiat ion problem 
w i l l  be adequately solved. 

Other problems e x i s t  but they a re  more of a technical  nature; 
increasing amounts of geophysical data are  giving us a more ac- 
curate  p ic ture  of the mesosphere, and the capabi l i ty  of present 
day computers allows us, i n  most cases, t o  adequately solve the 
t r a n s f e r  equation i f  we know the molecular parameters.. 

In  this  paper, I shall  b r i e f l y  review the microscopic for -  
mulation of the t r ans fe r  equation. The major d i f f i c u l t i e s  
which one encounters i n  solving the t r a n s f e r  equation for meso- 
spheric conditions w i l l  be noted and the la tes t  r e s u l t s  f o r  
rad ia t ive  f lux  divergences i n  the mesosphere w i l l  be discussed. 
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2. Theory: 
The rate at which radiation is  attempting to modify the 

temperature distribution is given by the formula 

where >T/>t is the time rate of change of atmospheric tem- 
perature, --f is  the air density, 
at constant pressure and & F / h  is the vertical component of 
the flux divergence of radiation. If the flux divergence is 
positive there is a transformation of energy from the matter or 
thermal field to the radiation field and the atmosphere acts as 
a radiation source. If on the other hand, the f lux divergence 
is negative, the rate of temperature change is positive and the 
atmosphere acts as a radiation sink. 
to express the time rate of change of temperature as 

c is the specific heat of a i r  P 

Often it is more convenient 

where use has been made of the hydrostatic equation, 

where p is pressure, and g is the acceleration due to gravity. 

form of the radiative transfer equation, 

dp = - p jdz 

The flux of radiation, F(uo), can be found from an integral 

Fcu,, = 7~ [ B;(O) CU,) + ( 3 )  
L 

0 

sl(o),ljl(o+$= Planck function at the surface of the 
eat?th, and top of atmosphere, respectively. 

number interval of width ai = the flux transmissivity for the wave 

where 

S = source function 
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d = d i l u t i o n  f a c t o r  f o r  boundary f lux  
( s o l a r  rad ia t inn)  incident  on the top 
of the atmosphere. 

% = zenith angle of the sun 
U = mass path of absorbing gas measured 

pos i t ive  from the surface of the ea r th .  

If the mixing r a t i o  of the p a r t i c u l a r  gas which i s  absorbing 
and emitt ing rad ia t ion  and the temperature and pressure a re  
known functions of height, then the transmission can be determined. 
A knowledge of the source functions w i l l  then allow one t o  deter-  
mine d i r e c t l y  from (3)  the ne t  flux. 
say up t o  appraximately 70 km, the source function depends on 
one atmospheric parameter, the k i n e t i c  temperature, which is  
uniquely determined f o r  every height i n  the atmosphere. The 
expression f o r  the source function i s  then just the familiar 
Planck function. Now i f  the source function cannot be approxi- 
mated by the Planck function, the source Tunction is  not only 
dependent on the  loca l  k i n e t i c  temperature, but  it depends a l so  
on the rad ia t ion  f i e l d  i n  the p a r t i c u l a r  region where the source 
function i s  t o  be determined. This rad ia t ion  f i e l d  i n  turn  
depends on the ove ra l l  thermal s t ruc tu re  of the  atmosphere, and 
a second expression, the s t a t i s t i c a l  equilibrium equation, which 
r e l a t e s  the  source function t o  the r ad iawn  f i e l d ,  i s  required. 
With these two independent expressions the f lux  and the flux 
divergence can then be calculated.  The ana ly t i ca l  formulation 
of the problem is  discussed below. 

t r a n s i t i o n  can be given as 

For the lower atmosphere, 

The macroscopic form of the t r a n s f e r  equation for a molecular 

A d1, - = I,-S, 
4% 

(4)  
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where/y is the cosine of the zenith angle made by the normal 
to the atmosphere and the specific intensity I& 7& is the optical 
depth, and Sg is the source function. 
also be derived (see, e.g. Thomas 1965) in terms of the molecular 
parameters for which case, 

The above equation could 

and 

where = Planck's constant 
= speed of light 
= wave number f o r  the particular transition 
= number density for molecules in upper 
and lower energy sCate respectively, wSth 
corresponding statistical weights e;,g . 1 

= Einstein absorption coefficient 
= profile functions for stimulated emission, 
absorption, and spontaneous emission 
respectively. 

This equation repreeents the transfer of radiation for a parti- 
cular molecular transition, i.e., either electronic, vibrational, 
or rotational. 

If the gas is so dense that collisions are primarily respon- 
sible for populating the energy levels of the transition in 
question, the familiar Boltzmann distribution can be used in ( 6 ) ,  
the profile parameters will be identical, and the source function 
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reduces t o  tkue Planck function. If, however, co l l i s ions  a re  
so infrequent that rad ia t ive  t r ans i t i ons  influence the popula- 
t i o n  densi t ies ,  then the Boltzmann d i s t r ibu t ion  i s  no longer 
applicable and the source function depends on the incident  
rad ia t ion  f i e l d .  I n  t h i s  case a second expression r e l a t i n g  the 
population dens i t ies  t o  the rad ia t ion  f i e l d  is  required. 'Such 
an expression is the s t a t i s t i c a l  equilibrium equation. 

In  s t a t i s t i c a l  equilibrium we assume t h a t  the population 
dens i t i e s  of the  levels i n  question do not  vary with time. Thus 
any processes which tend t o  change population dens i t ies  of the 
energy l eve l s  occur a t  a much slower r a t e  than the rate a t  which 
co l l i s ions  and/or rad ia t ive  t r ans i t i ons  tend t o  maintain that 
d is t r ibu t ion .  This assumption is  t rue f o r  processes which occur 
i n  planetary atmospheres and we can express the condition of 
s t a t i s t i c a l  equilibriwn ana ly t i ca l ly  as (Jeffesies , l960)  

where qab,c i s  the probabi l i ty  f o r  a l l  t r ans i t i ons  from l eve l  a 
t o  b 
Pab r e f e r s  t o  the r a t e  of t rans i t ions  from l eve l  a t o  brand includes 
both rad ia t ive  and co l l i s iona l  t rans i t ions ;  thus we have a second 
independent re la t ionship  r e l a t ing  the population dens i t ies  t o  
the radiat ion f i e l d .  
and the source functions and rad ia t ive  temperature changes deter-  
mined simulkaneously (Kuhn and London, 1968). 

not involving c,  except when a = b, for which case qaa,c = 1; 

This equation can then be combined w i t h  ( 6 ) ,  

For mesospheric thermal radiat2on calculat ions,  the infrared 
o r  vibrat inn-rotat ion t r ans i t i ons  a re  primarily responsible for 
t ransfer r ing  the planetary radiat ion.  A s  an example, we consider 
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the 1%mCOr band (see Fig. 1) and some of the addi t ional  energy 
l eve l s  which could influence the rad ia t ive  temperature change 
(hereaf te r  designated as r t c )  f o r  t h i s  15 wr t r ans i t i on .  Eqn. (7) 
then has the form, 

f i  

Fig. 1 

where P and q are e a s i l y  expressed i n  terms of the spontaneous 
( A u t )  and stimulated (? B 

c o l l i s i o n a l  ( C , q .  C 

) emission, absorption ( Y @ Q ~ ) ,  and 
Ull u l  

) rates, where, e.g., IQ 

Neglecting stimulated emissions, which i s  j u s t i f i e d  f o r  infrared 
t r ans i t i ons ,  (see e.g. Kuhn, 1968) and w i t h  values f o r  c o l l i s i o n a l  
and rad ia t ive  rates as given i n  Table 1, w e  f ind  that the l eve l s  
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Spontaneous t r a n s i t i o n  rates ( A  ), and c o l l i s i o n a l  
de-excitation r a t e s  ( C  ) f o r  the t r a n s i t i o n s  indi-  
cated i n  Figure 1. (Kuhn, 1968) 

u l  
Table 1. 

UJ! 

2-1 
3-1 
3 -2 
4-1 
4-2 

4-3 

1.2 

1.1 x lo1 
4.2 x IO2 

- 
4.5 x 10-1 

1.0 105 
3.5 x 10 1 

1.4  105 
9.3 x 10 2 

4 9.6 x 10 

4 5.7 x 10 

001 and 100 make a negl iglble  contribution t o  the population 
dens i t i e s  of 000 and 01 0 s o  t h a t  (8) may be approximated as, 1 

It should be noted that  the  ro t a t iona l  s t a t e s  have not been 
a r b i t r a r i l y  excluded from t h i s  calculat ion.  It i s  only because 
the ro t a t iona l  states are s t i l l  populated by a Boltmann d i s t r i -  
bution a t  mesospheric l eve l s  that allows us t o  define a mean o r  
e f f ec t ive  r ad ia t ive  l i fe t ime f o r  the v ibra t iona l  t r ans i t i on .  
Consider, e.g., the s t a t i s t i c a l  equilibrium equation f o r  a s ing le  
vibrat ion-rotat ional  s ta te  J (Fig. 2 )  

7 



where V =1 and V = 2 refer t o  the v ibra t iona l  states and J and 
Ju the i r  corresponding r o t a t i o n a l  states. 

R 

Fig. 2 

The first and t h i r d  terns o f  (10) represent a11 t r ans i t i ons  in-  
volvilig J between the two v ibra t iona l  l eve l s  while the second 
and last  terms represent a l l  ro t a t iona l  t r ans i t i ons  within the 
v = 2 leve l .  Since the energy differences f o r  ro t a t iona l  t r a n s i -  
t ions  are much smaller than f o r  v ibra t iona l  t r ans i t i ons ,  the in-  
fluence of long range co l l i s ions  w i l l  be more e f f ec t ive  i n  estab- 
l i s h i n g  a Boltzmann d i s t r ibu t ion  among the ro t a t iona l  states. 
Lambert (1962) has found that  the average number of co l l i s ions  
required f o r  a ro t a t iona l  de-excitation i s  l e s s  than 10, while 
f o r  a v ibra t iona l  t r a n s i t i o n  the number of co l l i s ions  i s  much 
higher ( f o r  the 15 
is lo5 t o  10 >. Thus, ro t a t iona l  l eve l s  remain populated by a 
Boltzmann d i s t r i b u t i o n  t o  much higher e levat ions than do the 
v ibra t iona l  aevels, and consequently the pr inc ip le  of de ta i led  
balance (thermodynamic equilibrium) applies t o  the ro t a t iona l  
t r ans i t i ons ,  and the second and l a s t  terms i n  (10) a re  Ident ica l .  
If we now sum the remaining two terms representing t r ans i t i ons  
between the two v ibra t iona l  leve ls  over a l l  Ju s t a t e s ,  we f i nd  
f o r  the r a t i o  of the t o t a l  number of molecules i n  the two vlbra- 
t i o n a l  leve ls ,  

C02 band the number of co l l i s ions  required 6 P 
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where 

= the ra t io  of the number density of mole- 
cules  i n  the ro t a t iona l  states J (Ju)  
t o  the t o t a l  number of molecules i n  the 
v = 1 (v  = 2 )  v ibra t iona l  leve l .  

= 1/4?r~{~~/&&,the mean value of the 

rad ia t ion  f i e l d ,  averaged over the 
vibrat ion-rotat ion band and s o l i d  
angle 0 . -8 represents the t o t a l  l i n e  
s t rength f o r  any p a r t i c u l a r  l i n e  and 

ya/.J 
absorption. 

(e) 
E' 

- 
1 @ a  

is  the prof3le Parameter f o r  

Since we have assumed tha t  the r o t a t i o n a l  states a re  i n  themno- 
dynamic equilibrium, the  double summations aver each term repre- 
s en t  the mean r ad ia t ive  and c o l l i s i o n a l  rates f o r  a s ing le  
vibrat ion ro t a t ion  band (see, e.g., Penner, 1959); thus we have 
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Substituting (12) into (ll), we find that this latter equation 
is then formally identical to ( 9 ) .  

Ef we m a k e  use of the well-known relations (see, e.g., 
Milne, 1930) 

we find for the source function 

where E = C21/ A 21 (1 - exp( -hco/ZcT) 1. 
terrestrial temperatures (e.g., f o r  the 15 mC02 band at T = 250 K) 

the quantity (1 - exp(-hco/kT))- 0.98 which gives E - Czl/A21. 
For infrared bands at 

/^I 

The source function f o r  the two level molecule can be 
expressed in terms of the rate of temperature change in the 
following way: Assume the vibration-rotation lines do not 
overlap. Thenlx do =Jb, the band strength, and (14) can 

and" 
be written, 

10 



The rad'iative t r a n s f e r  equation f o r  the n e t  integrated flux is, 

and subs t i t u t ion  of (16) i n t o  (15) w i t h  S assumed i so t ropic  and 
wm.puib&i.- independc ; over the band gives, 

where w i s  the mixing ra t io  of gas. The rate of temperature 
change f o r  the band i s  then given by ( 2 ) .  
equation of the form of (17) f o r  each atmospheric layer. 
equation is  coupled t o  the equations of the remaining layers  
through the source functions.  Once the transmission functions 
are evaluated, our problem cons is t s  i n  solving the system of  
simultaneous equations, which are equal i n  number t o  the number 
of atmospheric layers .  O f  course, i f  the source function can be 
expressed by the Planck function, then the rad ia t ive  heating o r  
cooling can be ca l cmted  d i r e c t l y  from ( 2 )  and (3) .  

We can now wri te  an 
Each 

The r e s u l t  for t h i s  "two level"  calculat ion is shown i n  
Fig. 3. The source function f o r  the l*& band of C02 is  given 
by the Planck function up t o  the height of the mesopause. 
t h i s  e leva t ion  the source function, i n  general, decreases while 
the Planck function, which follows the temperature d is t r ibu t ion ,  
increases.  One would expect that  a deviatIon,between the  Planck 

Above 

f unc t i m  and the source function would f irst  occur when the radia- 
t.ive arid c o l l i s i o n a l  rates are comparable, i .e.,  € -  l. For the 
15 m t r a n s i t i o n  t h i s  does indeed occur near the mesopause height.  

3. Transmission functions 

solve the t r a n s f e r  equation may be evaluated by u t i l i z i n g  e i t h e r  

Fig. 3 
/cI 

The transmission functions which are required i n  order t o  
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the ac tua l  posi t ions and s t rengths  of l i n e s  within the band o r  
by an appropriate band model. Since the former method is very 
time consuming even w i t h  present camputer f a c i l i t i e s ,  we have 
used the quasi-random band model ( S t u l l  e t  a l ,  1964). We as- 
sumed a Curtis-Godson approximation, and the appropriate p ro f i l e  
function, Voig t  o r  Doppler, w a s  determined (Kuhn, 1966). A 
sample flux t ransmissivi ty  function f o r  C02  is  shown i n  FSg. 4. 

Fig. 4 

This calculat ion,  made for 5 cm'' in te rva ls ,  reproduces the 
general contour of the band. The uppermost curve shows the 
transmission f o r  a 10 km layer  centered a t  90 km; p rac t i ca l ly  
a l l  the transmission takes  place i n  the spec t r a l  region 620 t o  
720 em-', w i t h  the  Q branch being of primary importance. 
calculat ions were made f o r  the 9.6 h 0 and 80 M H20 bands, w i t h  

spec t r a l  l i n e  data from Kaplan, Migeotte, and Neven (1956)~ and 
Walshaw and Goody (1954) f o r  the 9.6 m band, and from Benedict 
(unpublished) and Yamamoto and Onishi (1951) for the 80 

Simi la r  

A 3  /y. 

M 
band. A 

It is important t o  note that  non-LTE calculat ions require 
only an average transmission for the band s ince the wave number 
dependence of the source function is  neglected.. When the source 
function is  approximated by the Planck function then the t r ans fe r  
equation can be solved f o r  an a r b i t r a r y  wave number increment i n  
the band and an equation of the form of (3) would be solved f o r  
each wave number increment. 

Approximations which were made i n  computing the infrared 
transmission functions as well  as uncertaint ies  i n  the band 
parameters were tes ted  to  determine t h e i r  influence on the r t c ;  
these tests were car r ied  out f o r  the 15 Y C02 band although, i n  A 
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most cases they w i l l  a l s o  give an estimate f o r  the o ther  bands 
as w e l l  

i. 

ii . 

iii I 

i v .  

(Kuhn, 1966): 

Line broadening; throughout the lower mesosphere, 
both Lorentz and Doppler broadening influence the 
spec t r a l  d i s t r ibu t ions  of rad ia t ion  and the Voigt 
p r o f i l e  must be used. 
Lorentz broadening i s  negl igible ,  and the Doppler 
p r o f i l e  i s  adequate. 

Above approximately 70 k m  

Uncertainties i n  l i n e  half -width; r t c  was computed 
f o r  surface c o l l i s i o n  half widths  of 0.064 and .1 cm-'. 
The l a rge r  half width gives a r t c  approximately 15% 
higher near the stratopause than the 0.064 cm'l half 
width. At 72 km the difference i s  negl igible .  The 
var ia t ion  of Doppler half  width w i t h  wave number over 
the band i s  a l so  negl igible .  A Doppler half width 
computed f o r  a 200 K temperature gives a r t c  which 
d i f f e r s  from t h a t  f o r  a 300 K temperature by approxi- 
mately 10% i n  the upper mesosphere. Since the tempera- 
t u r e  var ia t ion  i n  a mesospheric region contributing t o  
a r t c  i s  much less than 100 K, the var ia t ion  of Doppler 
l i n e  haPF width w i t h  tempepature is  a l s o  negl igible .  

Weak Tines; i f  the l i n e s  which a r e  f i v e  orders of 
magnitude weaker than the s t rongest  l i n e s  i n  the 
band are neglected, the r e su l t i ng  e r r o r  i n  the  r t c  
i s  less than 3% i n  the mesosphere. 

Temperature dependence of the l i n e  strengths;  a 300 K 
l i n e  s t rength  gives a r t c  approximately 45% larger 
than a 200 K l i n e  strength,  while a 250 K l i n e  s t rength 
gives a r t c  85% as large as a 300 K l i n e  strength.  
250 K l i n e  s t rength gives r e s u l t s  which are within 10% 

A 
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of those for a vayiable f;mperature l i n e  s t rength 
between 30 and 70 km. From 70 k m  t o  the lower 
thermosphere, a 200 K l i n e  s t rength gives similar 
e r r o r s  . 

4. Mesospheric rad ia t ive  temperature changes 

Fig. 5 (Kuhn and London, 1968). 
is  similar t o  the temperature d i s t r ibu t ion  i n  the upper s t r a t o -  
sphere and mesosphere. A t  the mesopause, i n  the region of the 

An example of the r t c  f o r  the 15 C02 band is  given i n  A 
The pa t t e rn  of rad ia t ive  cooling 

Fig.  5 

temperature minimum, there  i s  a convergence of radiat ion.  Above 
the  mesopause, cooling again predominates, reaching a maximum 
i n  the 'lower thermosphere; the Planck function, which increases 
w i t h  elevation, and the decreasing c o l l i s i o n a l  rate produce 
t h i s  loca l  m a x i m u m  i n  the source function (see Fig.  9). A s  
demonstrated i n  Fig. 5, the cool3.ng i n  the lower thermosphere 
i s  s t rongly dependent on the c o l l i s i o n a l  rate. 

Our r e s u l t s  are qui te  s i m i l a r  t o  those of Plass (1956), 
although t h i s  may be somewhat for tu i tous  I n  view of the d i f f e ren t  
temperature p r o f i l e s  used as well as the differences i n  the t rans-  
mission functions. I n  the lower mesosphere our values a re  appro- 
ximately 30% l a r g e r  than those of P l a s s  although he ind ica tes  
t ha t  h i s  values may be qui.be inaccurate a t  these mesospheric 
e levat ions.  Nevertheless, agreement i s  qui te  good i f  one con- 
trasts the methods used i n  each case. Calculations recent ly  
completed by Drayson (1967) are  a l s o  shown- 
represent a d i r e c t  in tegra t ion  w i t h  respect  t o  wave number across 
the band. H e  a l so  permitted the source function t o  vary l inear lx  
w i t h  pressure within each horizontal  atmospheric layer, whereas 
we considered homogeneous "slabs" . 

H i s  calculat ions 

H i s  values are approximately 
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1 - 2 deg per  day l a rge r  than ours, and t h i s  discrepancy has 
not  been completely resolved. 

A n e t  r t c  including the e f f e c t s  of both s o l a r  and planetary 
The bands considered are the l 5 ~ ~  rad ia t ion  is given i n  Fig. 6. 

C02, the 9 . 6 ~ ~  0 

1350 t o  7550 A, representing absorption of s o l a r  energy b 
and 02. The mixing r a t i o s  f o r  C02 and H20 a re  4.56 x 10- 

the 80 )n H 0, and the spec t r a l  region from 3’ f i 2  

O 3  
and 

respectively,  and the 0 p r o f i l e s  a r e  from London (1968). 3 
The assumed temperature d i s t r ibu t ions  are from Kantor and Cole 
(1965), Teweles (1963), and Maeda (1,962). 

Fig.  6 

Maximum heating is ,  i n  general, found a t  the stratopause 
and mesopause over the summer pole while the maximum radia t ive  
cooling i s  a n d  i n  similar regions over the winter pole. The 
maximum heating r e s u l t s  primarily from the high absorption by 
0 a t  summer l a t i t u d e s  and infz-ared convergence a t  the cold 
summer polar  mesopause. The coolir,,g a t  the winter pole r e s u l t s  
from inf ra red  emission and the absence of s o l a r  heating. In  
the lower thermosphere, the r t c  i s  s t rongly dependent on the 
c o l l i s i o n a l  re laxat ion time. T h i s  region a c t s  primarily as a 
rad ia t ion  sink i f  the surface relaxat ion t i m e  i s  2 x sec, 
but a t i m e  of 2 x 

3 

see produces a rad ia t ion  source (Fig. 7). 

C02 i s  the primary contr ibutor  t o  rad ia t ive  cooling i n  the 
This cooling is  approkimately 6 deg per day a t  the mesosphere. 

stratopause,  decreasing t o  zero a t  75 km. There is a heating 
of a f e w  deg per  day i n  the mesopause. I n  the lower thermosphere 
the values f o r  rad ia t ive  cooling a re  subject  t o  speculation be- 
cause of uncertainty i n  the c o l l i s i o n a l  rate (compare Fig. 6 and 7) .  
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The 9 . 6 ~ ~  0 band contr ibutes  t o  rad ia t ive  cooling i n  the 3 
mesosphere, t h i s  cooling rate being l a rges t  a t  the stratopause 
(3  deg pe r  day) and decreasing and becoming negl igible  i n  com- 
parison t o  the C02 cooling a t  70 km. Non LTE calculat ions are 
not  required f o r  t h i s  9.6 M t r ans i t i on .  A 

The S o p  HZO' band produces m a x i m u m  rad ia t ive  cool ing of 
1 deg per day near the equAtorial stratopause.  Thfs cooling 
decreases w i t h  increasing l a t i t u d e  and elevation, Secoming 
negl igible  a t  65 km. 
ro t a t iona l  band. 

Non LTE e f f e e t s  are negl igible  f o r  t h i s  

Absorption of s o l a r  rad ia t ion  by 0 produces a heating of 3 
approximately 14 deg per  day during the summer near the s t r a t o -  
pause. During the winter there  i s  a uniform decrease i n  t h i s  
heating rate from 13 deg per  day a t  the equator t o  4 deg per day 
a t  60' l a t i t ude .  and O2 
produce a heating of 8-10 deg per  day during the summer, and i n  
winter the heating decreases from 7 deg per day a t  the equator 
t o  '2-4 deg per  day a t  60' l a t i t ude .  A t  the mesopause, O2 pro- 
duces a heating during the summer of' 14 deg per day; during the 
winter the heat ing decreases from 14 deg pe r  day a t  the equator 
t o  2 deg per day a t  60' l a t i t ude .  

Throughout most of the mesosphere, 0 3 

The r e s u l t s ,  as shown i n  Fig. 6, are qua l i t a t ive ly  similar 
t o  those of Murgatroyd and Goody (1958), although there a re  
notable exceptions. I n  general, t h e i r  cooling values are l a rge r  
than ours. This i s  p a r t i c u l a r l y  so i n  the polar  regions during 
the winter where they f ind  two leve ls  of maximum cooling; one 
a t  65 km (15 deg per day) and the  other  a t  90 km (17 deg pe r  day). 

Our results show m a x i m a  of 6 deg and 12 deg per day ( f o r  

sec)  a t  55 km and 90 km respectively.  During the summer Murgatroyd 

and Goody f ind  a region of low l a t i t u d e  cooling and upper and m i d  

= 2 x 
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l a t i t u d e  radiative heating while we f ind a general  heat ing 
throughout the mesosphere during the summer. Even so, the 
general  agEement of 
those presented here i s  qui te  good, pa r t i cu la r ly  i n  view of the 
many approximations made by them. 

Fig. 8 

le r e s u l t s  of Murgatroyd and Goody w i t h  

The absorption bands considered above are ,  a t  present, 
thought t o  be the major contr ibutors  t o  the mesospheric r t c .  
However, few estimates have as yet  bem made for the contribu- 
t i ons  of the shor te r  wavelength bands of the C 0 2  molecule. A s  
an example, consider the 4 . 3 ~ y m  band (Fig. '&(Kuhn, 1968)). 
The non LTE heating ra te ,  due primarily t o  absorptinn of solar 
radiat ion is  a maximum near 70 k m  with a value of approximately 
1 deg per day which is  comparable t o  the heating r a t e  of the 
15 Am CB2 band. 
exchange between the f mode of C 0 2  and the v = 1 leve l  of Nk 
may occur (Taylor and Bitterman, 1967), 

However, it has been suggested tha t  a resonance 

3 

w i t h  a corresponding relaxat ion t i m e  approximately two orders 
of magnitude smaller than the non resonant re laxat ion time of 7 
microseconds. If, e.g., the  re laxat ion time were 0.1micro- 
seconds, the m a x i m u m  heating from the 
a t  82 km w i t h  a value of 3 deg per  day. 
appear r e a l i s t i c  t o  incorporate in to  a mesosphere radiat ion budget 
analysis  the influences of minor bands of C02.  
s t r a t e  the probable importance of these bands, nevertheless the 
co l l i s iona l  rates of these upperstate and overtone bands are  not 
we12 knowp,and they will s ign i f i can t ly  influence the appropriate 
form of the s t a t i s e i c a l  equilibrium equation. 

f3 t r ans i t i on  would peak 
It does no t  a t  t h i s ' t ime  

While we can demon- 

Our knowledge of most co l l i s iona l  r a t e s  for t r ans i t i ons  
which may be of importanee t o  mesospheric r t c  i s  s t i l l  qui te  
uncertain.  While some experimental and theore t ica l  work has 
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been car r ied  out i n  these areas, there has been l i t t l e  attempt 
t o  synthesize the r e s u l t s  and incorporate those conditions such 
as temperature and composition which apply t o  the mesosphere. 
Unt i l  these c o l l i s i o n a l  rates are known, upper mesosphere and 
lower thermosphere rtc w i l l  rernain i n  some doubt. 
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Fig. 1.  Partial energy level diagram for the fundamental infrared 
transitions of the COz molecule. 
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Fig. 2 .  Energy level diagram for a vibrational rotational band. 
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